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Abstract 

Two new perylene diimide molecules, 1, 7-bis(1-naphtyl)-N,N’-bis-(10-nonadecyl)-perylene-

3,4,9,10-bis (dicarboximide) PDI-2 and 1,7-bis(5-acenaphtenyl)-N,N’-bis-(10-nonadecyl)-perylene-

3,4,9,10-bis(dicarboximide) PDI-3 have been synthesized and used as acceptor components in 

P3HT/PDI bulk heterojunction solar cells. The  introduction of fused aromatic rings into the bay 

positions of the perylene core creates a stong steric hindrance, twisting the perylene plane with a 

direct consequence on the π-π intramolecular interactions between the adjacent PDIs. All these 

features contribute to the reduction of molecular aggregation in the solid state, with a strong 

influence on the performances of P3HT/PDI photovoltaic devices.  

 

Keywords: perylene diimides, electron acceptor, organic solar cell, DFT calculations, HOMO and 
LUMO orbitals 

Graphical abstract 

 

Highlights 

• Two new perylene diimide molecules were synthesized 

• PDI-2 and PDI-3 were used as n-type components in solar cells 

• Solar cells with P3HT exhibit efficiencies approaching 1% 
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1. Introduction 

The harvest of energy directly from sunlight using photovoltaic technology is one of the main way 

to address the environmental issues of sustainable energy production from renewable sources. In 

recent years, organic photovoltaic devices have earned considerable research interest for the 

exploitation of solar energy in a sustainable, ecological friendly and cost-effective way. Organic 

solar cells are made with non-toxic and cheap materials and are manufactured by low energy 

technologies such as solution processing or roll-to-roll process on large areas of lightweight flexible 

substrates [1]. 

 In organic solar cells the photoelectric conversion is based on the photoinduced electron transfer 

process involving two semiconducting materials with different ionization potential and electron 

affinity. The active layer in these bulk heterojunction devices (BHJ) is a bicontinuous 

interpenetrating network made of an electron-donor and an acceptor material: usually a π-

conjugated polymer or molecule and a soluble, electron withdrawing fullerene derivative.  

Although various conjugated organic materials, either molecules [2] or polymers [3], have been 

explored as electron donors and p-type semiconductors in organic solar cells, not so many electron 

acceptors, n-type semiconductors besides fullerenes have been used [4]. The fullerene derivatives  

are the dominant acceptors in organic photovoltaics, as they are characterized by outstanding 

electron affinity and ability to transport charge effectively. However, they are non-ideal materials 

because of their weak absorption properties and high commercial value, which is a significant 

drawback in industrial applications [5]. Thus, the development of alternative acceptor materials that 

exhibit favourable electron transport properties and good absorption over the visible range is very 

important. Perylene diimide (PDI) based polymers and molecules are suitable candidates as 

acceptor components in organic solar cells. In particular, the PDI molecules have been often used in 

dye-sensitized solar cells [6] and in vacuum deposited bilayer solar cells [7], rather than for BHJ 

photovoltaic devices [8]. 

 Perylene diimide molecules, in addition to exceptional thermal, photochemical stability and 

significant charge transport properties [9], exhibit large optical absorption in the visible to near-

infrared spectral region and irradiate fluorescence with quantum yields near unity. Despite such 

promising prospective, the photovoltaic parameters of solution processed bulk heterojunction solar 

cells that use PDI molecules are far below the theoretically expected values. 

Several research groups have explored the reason of these low efficiencies of PDI based solar cells. 

A number of studies have been devoted to elucidate charge photogeneration in polymer/PDIs 

devices [10,11]. It was found that the photovoltaic conversion is limited by the aggregated PDI 

domains, which are acting as exciton traps [10]. Therefore, the design of perylene based molecules 
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should be oriented to create structures with relatively reduced π-π stacking, which contributes to the 

formation of smaller domains, and thus, to larger donor-acceptor interface area, allowing excitons to 

quickly reach a heterojunction.  

Recently, a perylene diimide molecule containing alkyl substituents, both at the imide position and 

2,5,8,11-core positions, used in blend with P3HT gave an efficiency of 0.5% [12]. It was suggested 

that the bulky alkyl side chains present on the PDI core reduce the π-π interactions between the 

perylene planes, leading to an improvement of the photovoltaic parameters in comparison with the 

unsubstituted perylene diimide [15]. 

 Since PDI is well know as a chemically versatile building block whose properties, such as solid-

state packing or HOMO and LUMO energy levels,  which can be easily and specifically tailored 

either by introduction of the appropriate substituents at the imide positions [13] or perylene core 

positions [14]. Usually, the N-position of the PDIs are substituted with alkyl chains, preferably 

branched, in order to get high solubility of the material, whereas the core positions are available for 

many functional groups.  

Using this possibility to tune PDI properties, we have designed two new electron-acceptor 

molecules for BHJ solar cell application with a reduced molecular aggregation in the solid state. To 

reach this goal the molecules should have a limited self-organization tendency, unusual for PDI 

derivatives, and weak intramolecular interactions via π-π stacking.  

The substitution in bay positions of PDI with chemical groups having high steric hindrance can 

hamper the intermolecular approach of adjacent chromophores lowering or preventing the π-π 

noncovalent interactions. We have chosen two electron-rich fused aromatic rings, naphthalene and 

acenaphtene, as bay substituent groups. The steric hindrance of these groups induces a distortion of 

the perylene core and impedes the formation of intramolecular π-π stackings.  

In this paper we present the synthesis and the characterization of two new PDI molecules: 1, 

7-bis(1-naphtyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) (PDI-2) and 1, 7-

bis(5-acenaphtenyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) (PDI-3) (see 

Scheme 1). Both PDIs have been used as acceptor components in bulk-heterojunction solar cell 

with P3HT. The photophysical and device properties of PDI-2 and PDI-3 have been compared with 

those of un-substituted PDI-1 parent compound [15], which has long alkyl branched chains at the 

N-terminal positions and no substituents on the aromatic core. 

 

2. Experimental 

2.1. Materials and instruments 
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10-nonadecanone was purchased from TCI Europe. Sodium bis(2-methoxyethoxy) 

aluminium hydride (RedAl), perylene-3,4,9,10-tetracarboxylic dianhydride, naphtalene-1-boronic 

acid, acenaphtene-5-boronic acid, tetrakis(triphenylphosphine)palladium(0) were purchased from 

Aldrich and used as received without further purification. Solvents and reagents were dried and/or 

distilled by the usual methods and typically used under an inert gas atmosphere. 
1H-NMR spectra were recorded on a 400 MHz Bruker spectrometer operating at 11.7 T. 

Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer TGA 7 instrument with a 

platinum pan using 1.5 mg of material as probe. Before performing TGA run, the sample was held 

at 150 °C for 1 h; the scans were carried out from 50 up to 700 °C at heating rate of 10 °C min-1 in a 

nitrogen atmosphere at a flow rate of 35 ml min-1. Differential Scanning Calorimetry (DSC) 

measurements were carried out on a Perkin-Elmer Pyris 1 instrument equipped with a liquid 

nitrogen device. The sample, typically 2-3 mg, was placed in a sealed aluminum pan and the 

measurements were carried out from 0 to 200 °C under helium atmosphere using heating and 

cooling rates of 10 °C min-1. 

Cyclic voltammetry measurements were performed in solid state, under nitrogen atmosphere 

with a computer controlled Amel 2053 (with Amel 7800 interface) electrochemical workstation in a 

three electrode single-compartment cell using platinum electrodes and SCE as standard electrode, 

with Fc/Fc+ redox couple as internal standard, with a tetrabutylammonium tetrafluoroborate 

solution (0.1M) in acetonitrile at a scan rate of 50mV/s.  

Electronic absorption spectra were performed with a Perkin Elmer Lambda 9 

spectrophotometer on chloroform solutions or spin coated films on quartz.  

Photoluminescence (PL) spectra of PDIs and their blends with P3HT were recorded using 

488 nm light excitation from a xenon lamp and a monochromator coupled to a N2 cooled CCD 

detector. 

 

2.2. Synthesis 

Scheme 1 outlines the synthesis of compounds PDI-1, PDI-2 and PDI-3.  

 

 

Scheme 1. Synthetic route toward PDI-1, PDI-2 and PDI-3 
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2.2.1. 10-Nonadecanamine  

10-nonadecanamine was obtained according to the literature procedure [16]. Briefly, a 

solution of 500 mg (1.77 mmoles) of 10-nonadecanone in 5 ml of ethanol and 3 ml of pyridine was 

treated with 250 mg (3.6 mmoles) of hydroxylamine hydrochloride and then refluxed for 2 hours. 

The resulting mixture was then concentrated by evaporation and the residue was partitioned 

between 5% HCl and hexane. The organic layer was then washed several times with water, dried 

over MgSO4 and concentrated to yield 480 mg of 10-nonadecanone oxime as an oil (91% yield). 

The oxime was then dissolved in 10 ml of dry toluene and 2 ml of 70% sodium bis(2-

methoxyethoxy)aluminium hydride (RedAl) in toluene were dropwise added. There is an important 

gas evolution as the reductive agent is added which requires a particular attention when the reaction 

is carried out. The reaction mixture was refluxed for 2 hours, then cooled to the room temperature 

and carefully added to 10 ml of 5% HCl. At the end an additional quantity (3-4 ml) of concentrated 

HCl was added in order to dissolve the aluminium salts. The solution was extracted with hexane, 

washed with 5% NaOH solution, water and then dried over MgSO4. After the evaporation of the 

solvent were obtained 408 mg of 10-nonadecanamine (89%). 1H-NMR (CDCl3): δ 0.81 (t, 6H), 1.20 

(m, 32H), 2.14 (br, 2H), 2.68 (m, 1H). IR (KBr, cm-1): υ 3372, 3256, 2494, 1463, 1377, 801, 727 

 

2.2.2. N, N’-bis-(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic acid diimide PDI-1 

N, N’-bis-(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic acid diimide was obtained by a modified 

procedure from the literature [16]. The condensation reaction of 3,4,9,10-perylenetetracarboxylic 

dianhydride (606 mg, 1.55 mmol) and 10-nonadecanamine (1.07 g, 3.78 mmol) was accomplished 

by conducting the imidazation reaction in the presence of zinc acetate (214 mg, 1.16 mmol) in 

quinoline (5 ml) at 160 °C for 4 hours under nitrogen atmosphere. The resulting N, N’-bis-(10-

nonadecyl)perylene-3,4,9,10-tetracarboxylic acid diimide was isolated in 78% yield as a deep red 

solid after a silica gel column chromatography purification (hexane:CHCl3=8:2 as eluent).  
1H-NMR (CDCl3): δ 0.83 (t, 12H), 1.21 (m, 56H), 1.85 (m, 4H), 2.26 (m, 4H), 5.25 (m, 2H), 8.51 

(br, 4H, pery-H), 8.59 (br, 4H, pery-H). IR (KBr, cm-1): υ 2922, 2853, 1694, 1649, 1593, 1465, 

1404, 1344, 1254, 1175 

 

2.2.3. 1,7-dibromo-N,N’-bis(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic acid diimide  

 1,7-dibromo-N,N’-bis(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic acid diimide was 

obtained as described in literature [17]. A mixture of N,N’-bis(nonadecyl)perylene-3,4,9,10-

tetracarboxylic acid diimide (100 mg, 0.108 mmol), bromine (1184 mg, 7.4 mmol) in 2 ml CH2Cl2 

was stirred at 60 °C in a closed vial for 4 hours. The reaction mixture was allowed to reach the 
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room temperature and then, after removing the excess of bromine by air bubbling, the solvent was 

removed under vacuum. The crude product was purified by a silica gel column chromatography, 

using hexane:CHCl3=6:4 as eluent. The first band was collected to afford dibromo-N,N’-bis(10-

nonadecyl)perylene-3,4,9,10-tetracarboxylic diimide (as a mixture of 1,7-dibromo and 1,6-dibromo 

derivative 3:1) as a deep orange solid (108 mg, 92%). 1H-NMR (CDCl3): δ 0.85 (t, 12H), 1.25 (m, 

56H), 1.85 (m, 4H), 2.25 (m, 4H), 5.20 (m, 2H), 8.70 (br, 2H, pery-H), 8.91 (br, 2H, pery-H), 9.52 

(d, 2H, pery-H). IR (KBr, cm-1): υ 2919, 2849, 1700, 1660, 1589, 1465, 1382, 1327, 1237 

 

2.2.4. 1, 7-bis(1-naphtyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) PDI-2 

A mixture of 1,7-dibromo-N,N’-bis(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic diimide 

and naphthalene-1-boronic acid (2.04 equivalents) were dissolved in dry toluene (5 ml each 0.25 

mmol of dibromo-N,N’-bis(nonadecyl)perylene-3,4,9,10-tetracarboxylic diimide) and 2M K2CO3 

solution (1 ml each 4 ml of toluene). Catalytic amounts of Pd[PPh3]4 were added and the reaction 

mixture was stirred at 100 °C for 18 hours. Shortly after the addition of the catalyst, the colour of 

the mixture starts to change. At the end of the reaction time, the solution was cooled to room 

temperature, extracted with CHCl3, washed with water, extracted and dried over MgSO4 anh. 

concentrated to a smaller volume and dropped into methanol. The precipitate was filtered, and 

further purified by column chromatography, using hexane/CHCl3 3:2 as eluent.  

1, 7-bis(1-naphtyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) PDI-2 was 

obtained as a deep red solid in 78% yield. 1H-NMR(CDCl3, 400MHz): δ =8.64 (2H, m, pery), 8.00 

(4H, dd, pery), 7.62 (6H, m, naph), 7.52 (4H, t, naph), 7.31 (4H, t, naph), 5.10 (2H, m, -CH-N), 

2.20 (4H, m, -CH2-), 1.80 (4H, m, -CH2-), 1.22 (56H, m, -CH2-), 0.81 (12H, t, -CH3).  

 

 

2.2.5. 1,7-bis(5-acenaphtenyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) PDI-

3 

A mixture of 1,7-dibromo-N,N’-bis(10-nonadecyl)perylene-3,4,9,10-tetracarboxylic diimide 

and acenaphthene-5-boronic acid (2.04 equivalents) were dissolved in dry toluene (5 ml each 0.25 

mmol of dibromo-N,N’-bis(nonadecyl)perylene-3,4,9,10-tetracarboxylic diimide) and 2M K2CO3 

solution (1 ml each 4 ml of toluene). Catalytic amounts of Pd[PPh3]4 were added and the reaction 

mixture was stirred at 100 °C for 18 hours. Shortly after the addition of the catalyst, the colour of 

the mixture starts to change. At the end of the reaction time, the solution was cooled to room 

temperature, extracted with CHCl3, washed with water, extracted and dried over MgSO4 anh. 

concentrated to a smaller volume and dropped into methanol. The precipitate was filtered, and 

further purified by column chromatography, using hexane/CHCl3 3:2 as eluent.  
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1, 7-bis(5-acenaphtenyl)-N,N’-bis-(10-nonadecyl)-perylene-3,4,9,10-bis(dicarboximide) PDI-3 

was obtained as a deep violet solid in 63% yield. 1H-NMR (TCE, 400MHz): δ =8.61 (2H, m, pery), 

7.90 (4H, m, pery), 7.58 (2H, m, acenaph), 7.35 (4H, m, acenaph), 7.25 (4H, m, acenaph), 5.05 (2H, 

m, -CH-N), 3.45 (8H, m, -CH2- acenaph), 2.05 (4H, m, -CH2-), 1.73 (4H, m, -CH2-), 1.12 (56H, m, 

-CH2-), 0.78 (12H, t, -CH3). 

 

2.3. Device fabrication 

Solar cells were made with the conventional geometry glass/ITO/PEDOT-

PSS/P3HT:PDIs/Ca/Al in a MBraun drybox. The active layers were spin-coated from 

chlorobenzene or o-dichlorobenzene solution of P3HT:PDI (20 mg/ml or 25 mg/ml), with a 

thickness of about 100 nm. When chlorobenzene was used, after the deposition of the active layer a 

thermal annealing at different temperatures has been done, prior to the cathode deposition. In the 

case of o-dichlorobenzene, after the deposition, the active layer was solvent annealed by slow 

drying under a Petri dish (about 10 hours). After that, a mild thermal treatment of 90 °C/5 min has 

been done to remove the residual solvent.  

The current density–voltage measurements were performed directly in the glove box where 

the cell was assembled and annealed, with a Keithley 2602 source meter, under a 1 sun, AM1.5G 

spectrum obtained from an ABET Technologies solar simulator. EQE spectral responses were 

recorded by dispersing a Xe lamp through a monochromator, using a Si solar cell with calibrated 

spectral response to measure the incident light power intensity at each wavelength. The devices 

were taken outside the glove box for the EQE measurements, after mounting them on a sealed cell 

to avoid moisture and oxygen exposure.  

 

3. Computational details 

A computational study was carried out on structures and energies of PDI-1, PDI-2 and PDI-

3 molecules. To reduce the size of the conformational space, the alkyl branched chains at the imide 

positions have been replaced by methyl groups. All calculations were performed with the 

GAMESS-US suite of programs [18]. Stable low energy conformations were obtained by density 

functional theory (DFT) calculations [19]. In particular, the Becke’s three parameter gradient-

corrected hybrid functional (B3LYP) [20] together with the polarized standard 6-31G** basis set 

[21] were adopted. In order to scan properly the potential energy surfaces, different starting guess 

geometries were considered for the molecules under investigation. Full minimizations were carried 

out at the B3LYP/6-31G** level of the theory without imposing symmetry constrains. A vibrational 

analysis was performed at the same level of the theory on optimised geometries, where a lack of 
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imaginary frequencies confirmed that they represent minimum-energy structures. HOMO and 

LUMO orbitals have been plotted by McPlot program [22].  

 

4. Results and discussion 

4.1. Synthesis and thermal characterization 

 Two new perylene diimide molecules were synthesised through Suzuki coupling reaction. 

These molecules are soluble in common organic solvents, such as chloroform, dichloromethane, 

THF, toluene.  

It is known that perylene derivatives with symmetrical and unsymmetrical alkyl side chains at the 

N-terminal position and no substituents on the aromatic core possess excellent thermal stability with 

high decomposition temperatures [23]. In particular, the TGA thermogram of PDI-1 was reported in 

literature [15] and the molecule resulted stable up to 395 °C and then lost the nonadecyl groups 

attached to nitrogen atoms. The thermal stability of the novel PDIs molecules having fused aromatic 

substituents in the bay positions of the perylene core, was determined by TGA considering the onset 

of thermal decomposition, i.e. the temperature corresponding to initial 5% of weight loss. TGA 

traces reported in Fig. 1 show that PDI-2 and PDI-3 are thermally stable in inert atmosphere up to 

400 oC. At higher temperatures both perylene derivatives show a fast weight loss with a maximum 

rate at 450 °C. The main degradation stage ends at around 500 °C and the residue yield calculated at 

700 °C is ca. 40 wt. % for both molecules. However, the residue disappears when exposed to air 

atmosphere. 

 

Figure 1. TGA curves of PDI-2 (▬) and PDI-3(▬) under inert atmosphere 

 

The thermal behavior of the perylene diimide molecules was studied in the bulk by DSC analysis.  

The thermal analyses of the PDIs are reported in Figure 2, where successive scans, i.e. the cooling 

and the second heating, are displayed. The comparison between the thermograms clearly evidences 

the effect of the core substitution with fused aromatic rings on the thermal behavior of perylene 

diimide derivatives. The cooling run of PDI-1 shows an exothermic transition centered at 81 °C, 

while the subsequent heating scan displays an endothermic peak at 99 °C with a heat flow of 9 J/g 

due to the crystal melting [16, 24]. Conversely, DSC scans  carried out in the temperature range 0-

200 °C at 10 °C/min of the molecules PDI-2 and PDI-3 do not show any thermal event. Thus, the 

presence of bulky substituents in bay position hinders the crystallization capability of the branched 

long alkyl side chains. 
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Figure 2. DSC scans of PDI-1 (▬), PDI-2 (▬) and PDI-3 (▬) from cooling (dashed line) and 
second heating (solid line) cycle. 

 

4.2. Electrochemical properties 

 The electrochemical properties of PDI-2 and PDI-3 films were investigated by cyclic 

voltammetry (CV). The CV curve was recorded vs the potential of SCE reference electrode, using 

ferrocene as internal standard. As shown in Fig.3, the half way reduction potentials (Ered
1/2) for 

PDI-2 and PDI-3 are -0.67 eV and -0.77 eV respectively. From the empirical formulas ELUMO=-e( 

Ered
1/2+4.4 eV) and EHOMO= Eg

opt+ ELUMO, the HOMO and LUMO energy levels of PDI-2 can be 

calculated as -5.79 eV and -3.73 eV, while the HOMO and LUMO energy levels of PDI-3 are -5.55 

eV and -3.63 eV.  

 

Figure 3. Cyclic voltammograms of PDI-2 and PDI-3 thin films 

 

Table 1 summarizes these results (together with calculated properties, see next section) showing 

that the energy levels are slightly changed and the optical energy gap decreased with respect to 

PDI-1. Since the HOMO and LUMO energy levels reported in the literature for P3HT are typically 

-5.0 eV and -3.0 eV, it is clear that the HOMO and LUMO energy levels of PDIs are suitable to 

drive efficiently exciton dissociation at the P3HT/PDIs heterojunction interfaces.  

 
 
Table 1. Electrochemical characteristics, experimental and calculated HOMO-LUMO values and 
optical energy band gaps for PDI-1, PDI-2 and PDI-3 
 

 

4.3 Theoretical calculations 

The ground-state geometries and electronic structures of PDIs molecules were obtained at the 

B3LYP/6-31G** level. This study provided preliminary insights into the electronic structures and 

interactions in these molecular systems. As expected, it was confirmed that, with no substituents in 

the bay positions, the PDI-1 core is nearly planar. According to the calculations, the absolute 

minima obtained for both PDI-2 and PDI-3 systems show that the bay-substitutions introduce a 

twisting of the two naphthalene subunits in the perylene core around 19°, thus causing a reduced 

planarity and rigidity of the perylene. The dihedral angles between the perylene plane and the 
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substituent moieties were determined to be 55° and 63° for PDI-2 and PDI-3, respectively (see 

Figure 4). 

 

  

Figure 4. Optimized structures of PDI-2 (a) and PDI-3 (b) obtained by DFT calculations at the 
B3LYP/6-31G** level. 

 

The electron distribution of the highest occupied molecular orbitals (HOMO) and the lowest 

unoccupied molecular orbitals (LUMO) of ground-state optimized structures for PDI-2 and PDI-3 

systems are illustrated in Figure 5; the corresponding energies are summarized in Table 1.  

 

 

Figure 5. Molecular orbital surfaces of the HOMO (bottom) and LUMO (top) of PDI-2 (a) and 

PDI-3 (b) molecules obtained by DFT calculations at the B3LYP/6-31G** level. 

 

For both systems, because of the π-conjugation, the electron distribution of the HOMOs was found 

to be delocalized over the entire molecule, while the electron distribution of the LUMOs were found 

to be predominantly located on the perylene core. This outcome indicates that in the excitation 

process from HOMO to LUMO energy levels, a charge is transferred from the substituent units to 

the central perylene acceptor moiety. The calculated HOMO and LUMO energy levels of ground-

state optimized geometries for compounds PDI-1, PDI-2 and PDI-3 and corresponding gaps, 

estimated by using the differences between the HOMO and LUMO energies (∆HL), are in 

concordance with the experimental trend.  

 

4.4. Optical properties  

 The UV-Vis absorption spectra of PDI-1, PDI-2 and PDI-3 in solution and in film, along 

with the molar extinction are shown in Fig. 6.  

In the absence of any substituent in the bay positions, PDI-1 core is nearly planar and the optical 

properties are significantly different in solution and in solid state. Generally, in solution, the PDIs 

are characterized by two absorption bands which are assigned to the 0-0 and 0-1 electronic 

transitions. Passing from solution to solid state, the relative intensity of these absorption bands 

reverses, the spectra become more broadened and there is a loss of the fine vibronic structure. This 

is an indication that the PDIs molecular scaffolds allow π-π intermolecular interactions, inducing 

molecular aggregation [9].  
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PDI-2 and PDI-3 in chloroform solution exhibit absorption in the visible range with peak maxima 

at 542 nm and 558 nm. Interestingly, the absorption maxima and its features do not alter with the 

concentration and remain unchanged passing from solution to solid state. This is an unusual 

behaviour for perylene diimide systems, since it is well known that the π-π intramolecular 

interactions have a strong influence on PDI optical properties.  

PDI-2 and PDI-3 have been designed with this purpose: the long alkyl branched chains at the imide 

positions assure a high solubility, while the fused aromatic rings lead to a twisted perylene plane 

and create a strong steric hindrance. These effects decrease the π-π stacking and lead almost to an 

isolation of the π systems in the solid state. Up to now, this isolation process was observed only for 

bay position tetrasubstituted perylenes [12,25]. 

 

 

 

Figure 6. Normalized absorption spectra of PDIs in solution (dash line) and solid state (solid line) 

and molar extinctions for PDIs in 1.25x10-4M solutions in CHCl3 

 

 By making a comparison between the UV-Vis spectra for thin films and solutions of PDI-2 and 

PDI-3, there is only a relatively small shift of 5 and 1 nm, respectively, indicating very weak 

intermolecular interactions between the chromophores in the film. The spectroscopic feature of 

PDI-2 and PDI-3 can be associated to the twisted nature of the perylene core evidenced by the 

theoretical calculations.  

 

 

Figure 7. Normalized fluorescence spectra of PDIs in solution (dash line) and solid state (solid line)  

 

The photoluminescence (PL) spectra shown in figure 7 bring further evidences which prove the 

above findings. The PL spectrum of PDI-1 film has a broad, vibronic free, batochromic shifted 

band (about 80 nm) with respect to the solution. The red shift around 615 nm is a result of the 

optical excitation of the perylene diimide aggregates which activates the excimer species [26]. In 

contrast, the PL spectra of PDI-2 and PDI-3, in solution and film are substantially identical 

suggesting the absence of any strong π-π interactions. 
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4.5. Photovoltaic properties 

The photovoltaic properties of PDI-1, PDI-2 and PDI-3 were investigated in bulk heterojunction 

solar cells, with P3HT as donor, having ITO/PEDOT:PSS/P3HT:PDIs/Ca/Al structure. 

Chlorobenzene (CB) and o-dichlorobenzene (DCB) were chosen as processing solvents due to their 

good solvation properties and low evaporation rates.  

The P3HT/PDI-1 blends were first deposited from o-dichlorobenzene, but this procedure yielded 

active layer with extended phase segregation and PDI-1 microcrystallites. To lower the phase 

segregation and to improve the bicontinuous film structure, P3HT/PDI-1 blends were deposited 

from chlorobenzene. PDI-2 and PDI-3 were deposited from o-dichlorobenzene and have shown 

good processability in blend with P3HT forming active layers with no phase segregation visible by 

optical microscopy. 

Table 2 and 3 show the device performances under the illumination of AM 1.5G solar irradiance 

(100mW/cm2). The photovoltaic characteristics of P3HT/PDIs as-cast devices with different blend 

composition are summarized in Table 2.  

The PV characteristics of  P3HT/PDI-1 devices are in agreement with previously reported results 

obtained with an analogous PDI [15]. The low performances of PDI-1 solar cells are related to the 

high tendency of PDIs to crystallize in blends with polymers, leading to large scale segregations 

[8,26]. In all cases, the photovoltaic performances of PDI-2 and PDI-3 based solar cells are better 

in comparison with those based on PDI-1. Moreover, such trend of the photovoltaic parameters of 

P3HT/PDI-2 and P3HT/PDI-3 are irrespective from the device deposition or processing methods 

and can be correlated with the peculiar intermolecular π-π stacking of the two new PDIs. 

 

 

Tabel 2. Photovoltaic parameters for non annealed P3HT/PDI devices using different blend 
compositions deposited from chlorobenzene 

 

The best performances were obtained for P3HT/PDI solar cells made with 1:2 weight ratio blends. 

Taking this blend composition as reference, different annealing treatments were done in order to 

optimize the device performances. It is well known that the polymer solar cells containing P3HT as 

donor component improve their efficiencies upon thermal or solvent annealing. These treatments 

change the morphology of the active layer inducing a better intermolecular alignment of the 

polymer chains that increase the hole mobility [27]. In our studies we have used the most common 

annealing conditions for P3HT based devices, performing different thermal or solvent treatments on 

the active layers. The results are summarized in Table 3.   
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It can be noticed that after thermal treatment the device photovoltaic parameters are improved with 

respect to the non annealed solar cells. For P3HT/PDI-2 devices, after thermal annealing at 150 °C 

the PCE reaches 0.71%, while for P3HT/PDI-3 solar cells the best performances of 0.82% were 

obtained using a thermal treatment at 120 °C. 

 

 

Table 3. Photovoltaic parameters for P3HT/PDI 1:2 blends with different annealing conditions  

 

We have also explored the use of solvent annealing prior to cathode deposition, by placing the 

P3HT/PDI coated substrates in a saturated o-dichlorobenzene atmosphere for 10 hours. Both 

solvent exposure and thermal annealing produce the increase of the photovoltaic performances 

respect to not annealed solar cells. The best PCEs were obtained for both PDI-2 and PDI-3 devices 

after solvent annealing with DCB for 10 hours.  

 Figure 8 shows the best device characteristics of P3HT/PDIs solar cells, with a 1:2 (w:w) 

donor/acceptor composition. 

 

Figure 8. P3HT:PDIs (1:2 w:w) device  characteristics. Left-IV curves under AM1.5 G solar 

simulation, at 100 mW/cm2. Right-Incident photon to current efficiency spectra 

 

Comparing PDI-2 and PDI-3 device parameters with those of PDI-1 parent compound it can be 

noticed very clearly, that the introduction of the fused aromatic rings into the bay position of the 

perylene diimide core has a strong influence on photovoltaic performances. The blends nano-

morphology, as probed from the PL measurements on the optimized active layers (Figure 9), 

suggest that phase segregation is more pronounced in PDI-1 based respect to PDI-2 and PDI-3 

devices.  

   

Figure 9. Left- PL spectra of pristine component films (dashed lines) and optimized (1:2 w:w) 

P3HT:PDIs blends; Right- Absorption spectra of optimized P3HT:PDIs blends 

 

 

It is possible to draw some correlation between the structure of the new PDI molecules and their 

operation in solar cells with P3HT on the basis of the spectroscopic experiments and the theoretical 

evidences previously discussed. The morphological characterization of P3HT:PDIs blend to discern 

the structural behaviour of these perylenes in the solid state will be presented elsewhere.  
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The IPCE and the Jsc of P3HT/PDI-2 and P3HT/PDI-3 devices drastically increase compared to 

PDI-1 based solar cell. On the basis of the recorded UV-Vis absorption spectra of the active layers 

(Figure 9), it is reasonable to suppose that changes in absorption cross sections play a minor role for 

understanding the enhancement of the photocurrent in PDI-2 and PDI-3 based blend devices. The 

improvements of the photocurrents are thus related to the efficiencies of exciton harvesting at the 

P3HT/PDI interfaces, of charge photo-generation and collection to the electrodes.  

The crystallization of PDI-2 and PDI-3 is nearly absent due to the lack of the π-π interactions, as 

suggested by the spectroscopical and computational studies, therefore exciton trapping should be 

diminished in the active layers [10]. Moreover, the photoluminescence spectra of the PDI-2 and 

PDI-3 blends (Figure 9) suggests a reduction of the P3HT/PDI nano-phase segregation. As a 

consequence, it is expected that in PDI-2 and PDI-3 blends the exciton harvesting yield is 

improved, thus contributing to the enhancement of photocurrent. 

It was shown that small separation distances facilitate the formation of a stable CT state (CT 

exciton) leading to inefficient charge carrier separation [28]. In PDI-2 and PDI-3 molecules the π-π 

interaction was indeed heavily reduced by introducing the fused aromatic rings in bay positions, 

therefore in the P3HT blend the separation distance at the polymer/PDI is likely increasing. 

Accordingly, less bounded CT excitons should be formed, favouring the charge separation. 

Moreover, for PDI-2 and PDI-3, twisted structures are formed and a higher dimensionality is 

achieved in the polymeric blends, which can also lead to an increase of the charge separation at the 

donor-acceptor interface [29].  

The FF parameter is also improving substantially from PDI-1 to PDI-2 and PDI-3 solar cells. This 

bring further support for a better charge carrier separation in PDI-2 and PDI-3 blend, and suggests a 

more effective and balanced charge carrier collection in these devices [30].  

Finally, the reduction of the VOC in PDI-1, compared to PDI-2 and PDI-3 based solar cells, is not 

justified by the corresponding LUMO energy levels of the acceptor molecules. It was proposed that 

in BHJ solar cells, the Voc should scale to the energy position of the CT state [31]. Therefore, the 

observed reduction of the Voc, in PDI-1 solar cells, seems to be consistent to the previously 

suggested higher CT exciton binding energy in PDI-1, as compared to PDI-2 and PDI-3 blends.  

 

5. Conclusions 

 In summary, we designed, synthesized and characterized two novel perylene diimides molecules, 

PDI-2 and PDI-3, with fused aromatic rings on the perylene core. These materials possess 

interesting optical and structural features, revealing extremely weak π-π interactions between the 
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perylene planes, which is an interesting feature, since PDIs are well known for their strong 

intermolecular packing properties.  

DFT calculations show that the bay-substitutions introduces a twisting of the perylene core and the 

fused aromatic rings form dihedral angles with the perylene plane of 55° and 63° for PDI-2 and 

PDI-3, respectively. The optical absorption and emission properties of the two molecules show the 

same features in solution and in the solid state. These theoretical and optical evidences indicate the 

low tendency of the two PDI to form π-π stacking interactions, preventing the crystallization in the 

solid state and reducing the phase segregation in the polymeric blends with P3HT. 

Bulk heterojunction P3HT/PDIs solar cells were prepared and their photovoltaic performances were 

measured as a function of both the active layer composition and the annealing device condition. 

Photovoltaic efficiencies approaching 1% were found for PDI-2 and PDI-3 based solar cells. 
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Scheme 1. Synthetic route toward PDI-1, PDI-2 and PDI-3 
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Figure 1. TGA curves of PDI-2 (▬) and PDI-3(▬) under inert atmosphere 
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Figure 2. DSC scans of PDI-1 (▬), PDI-2 (▬) and PDI-3 (▬) from cooling (dashed line) and 
second heating (solid line) cycle. 
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Figure 3. Cyclic voltammograms of PDI-2 and PDI-3 thin films 
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Figure 4. Optimized structures of PDI-2 (a) and PDI-3 (b) obtained by DFT calculations at the 
B3LYP/6-31G** level. 
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   a       b 

 

Figure 5. Molecular orbital surfaces of the HOMO (bottom) and LUMO (top) of PDI-2 (a) and 

PDI-3 (b) molecules obtained by DFT calculations at the B3LYP/6-31G** level. 
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Figure 6. Normalized absorption spectra of PDIs in solution (dash line) and solid state (solid line) 

and molar extinctions for PDIs in 1.25x10-4M solutions in CHCl3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Normalized fluorescence spectra of PDIs in solution (dash line) and solid state (solid line)  
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Figure 8. P3HT:PDIs (1:2 w:w) device  characteristics. Left-IV curves under AM1.5 G solar 

simulation, at 100 mW/cm2. Right-Incident photon to current efficiency spectra 
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Figure 9. Left- PL spectra of pristine component films (dashed lines) and optimized (1:2 w:w) 

P3HT:PDIs blends; Right- Absorption spectra of optimized P3HT:PDIs blends 
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Table 1. Electrochemical characteristics, experimental and calculated HOMO-LUMO values and 
optical energy band gaps for PDI-1, PDI-2 and PDI-3 
Sample Ered

0 

(V) 

Ered
1/2 

(V) 

Ered
p 

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg
opt 

(eV) 

HOMOa 

(eV) 
LUMOa 

(eV) 
∆HLb 

(eV) 

PDI-1 -0.65 -0.73 -0.89 -5.79 -3.67 2.12 -5.96 -3.43 2.53 

PDI-2 -0.61 -0.67 -0.75 -5.79 -3.73 2.06 -5.64 -3.28 2.36 

PDI-3 -0.59 -0.77 -0.80 -5.55 -3.63 1.92 -5.47 -3.16 2.30 

 
Ered

0-onset reduction potential; Ered
1/2-halfway reduction potential; Ered

p-peak reduction potential; Eg
opt-optical energy 

band gap (calculated from the onset of the absorption in solid state) 
aB3LYP/6-31G** energies. 
bB3LYP/6-31G** HOMO-LUMO energy gaps. 
 
 
 
 
 
 
 
 
 

Molecule P3HT:PDI 
(w:w) 

VOC (V) FF JSC 
(mA/cm2) 

PCE (%) 

PDI-1 1:1 0.29 0.30 4x10-1 0.03 
 1:2 0.43 0.38 2.6x10-1 0.04 

PDI-2 1:1 0.49 0.33 2.16 0.35 
 1:2 0.55 0.39 1.95 0.42 
 2:1 0.47 0.30 1.56 0.22 

PDI-3 1:1 0.46 0.25 2.50 0.28 
 1:2 0.68 0.35 1.38 0.33 
 2:1 0.45 0.26 1.70 0.20 

 

Tabel 2. Photovoltaic parameters for non annealed P3HT/PDI devices using different blend 
compositions deposited from chlorobenzene 
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Molecule Annealing 
conditions 

VOC (V) FF  JSC 
(mA/cm2) 

PCE (%) 

PDI-1 150°Ca 0.40 0.33 0.95 0.13 
PDI-2 not annealed 0.55 0.39 1.95 0.42 

 120°Ca 0.56 0.43 2.28 0.55 
 150°Ca 0.57 0.53 2.35 0.71 
 solvent annb. 0.61 0.52 2.87 0.91 

PDI-3 not annealed 0.68 0.35 1.38 0.33 
 120°Ca 0.67 0.47 2.60 0.82 
 150°Ca 0.58 0.52 2.02 0.61 
 solvent annb. 0.67 0.50 2.86 0.96 

 
a thermal annealing was made for 5 min after the deposition of the active layer from chlorobenzene; b o-dichlorobenzene (DCB) 

solvent annealed 10 hours  

 

Table 3. Photovoltaic parameters for P3HT/PDI 1:2 blends with different annealing conditions  
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Highlights 

• Two new perylene diimide molecules were synthesized 

• PDI-2 and PDI-3 were used as n-type components in solar cells 

• Solar cells with P3HT exhibit efficiencies approaching 1% 

 


